The minimum speed for just-suspension, N js , of porous palm shell-activated carbon (PSAC) particles has been determined in a 15 cm diameter cylindrical tank using a 6-curved blade (6CB) impeller, compared to a 6-blade downpumping mixed-flow (6MFD) impeller and a Rushton turbine (6DT). The particles size ranged from 0.75-1.00 mm, 1.00-1.40 mm, and 1.40-2.36 mm with concentrations between 0 and 5% by weight. The 6CB being a radial impeller performed similarly to 6DT in terms of speed and power requirement at just-suspension, and particles distribution on the base. The 6MFD, with power requirement 100% to 200% less than the radial impellers, was the most efficient for suspending the particles, as usually reported for the range of solid concentrations used here. Specific power per unit mass for all three impellers showed reduction towards minima as the concentration of particles increased. The geometric factor, S, values agreed reasonably with published data, when the particle density was adjusted taking into account water filling the pores of the submerged activated carbon. This result means that Zwietering's equation can be used to predict suspension for porous particles with adjustment to the particle density. S values for curved-blade impellers are presented for the first time.
Introduction
The suspension of solid particles in liquid in a stirred tank occurs in a wide variety of processes from crystallization to ore processing [1, 2] . Downpumping mixed or axial impellers have been reported to be the most efficient geometries for suspending solids, while radial impellers require substantially higher power to achieve suspension [3, 4] . Radial impellers are, however, still relevant in solid-liquid mixing since this impeller geometry is efficient for gas-liquid dispersion, and many such systems also contain solids [5] [6] [7] [8] [9] such as in aerobic fermentation and activated sludge treatment. The curved blade impeller has gained popularity as an alternative to the Rushton due to its efficiency in gas-liquid dispersion as the shape of the curve eliminates or minimizes the formation of cavities that lead to substantial drop in power. There is few reported work, if any, on the use of curved blade impellers for particle suspension.
In solid suspension studies, the particles used are usually fully solid, where the density is simply the particle density [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The use of porous particles is not commonly reported, although porous particles are relevant in processes such as adsorption. Adsorption processes are usually carried out in columns; nevertheless, it is also of interest to study the suspension of these particles in the stirred tank as this would be a potential configuration for application in water or wastewater treatment and similar processes. When porous particles are submerged in a fluid, the fluid will gradually fill the pores of the particle, and the particle density would have to incorporate the fluid density by a factor of the pore percentage. If Zwietering's [22] correlation is to be used to predict N js for the porous particles, using the adjusted density value for the particles would be more appropriate.
The objective of this paper is to assess the solidsuspension ability of the curved blade impeller and the use of Zwietering's equation to predict just-suspension of porous particles.
Materials and Methods
The experiments were conducted in a 0.15 m diameter (T) cylindrical-baffled (standard) vessel filled with distilled water to a height equal to the diameter, giving a volume of 2.65 L. Figure 1 shows a schematic of the setup. Three types of impellers used were 6-blade mixed flow pumping downward (6MFD), the 6-blade Rushton turbine (6DT), and a 6-curved blade turbine (6CB). Schematic diagrams of the impellers are provided by Figures 2, 3 , and 4. The curved blade used in this work does not have a central disc as does the Rushton turbine.
The experiments were performed at a constant liquid depth (H = T) and with a constant impeller clearance (C = T/4). An impeller diameter of 5 ± 0.1 cm gives a D/T ratio of about 1/3. The impeller is mounted on a shaft connected to a motor that displays speed and torque readings. The speed can be set from 0 rpm to 2000 rpm. The power of agitation is calculated based on the difference between torque reading during impeller rotation in air and rotation in the actual International Journal of Chemical Engineering fluid. Before experimental runs, the motor was warmed up for at least 20 minutes.
Palm shell-activated carbon (PSAC) was used as the porous solids to be suspended. The properties of the particles are given in Table 1 based on a sample of the particles. The assumption made in this work is that the same characteristics apply for all the size ranges. The particles were segregated by sieving according to the size range: 0.75-1.00 mm, 1.00-1.40 mm, and 1.40-2.36 mm. Any superficial impurities were cleaned to ensure that no other substances were included in the experiments.
The PSAC solid density has been determined to be 1700 kg/m 3 . This is higher than water density, and the particles were observed to readily sink in the tank as soon as they were poured into the water. However, particle density value in Zwietering's equation should incorporate the fact particles in water. This effective density of the submerged particle can be calculated as follows:
The effective density is used in Zwietering's equation.
The concentrations of activated carbon (solids) ranged from 0.0 to 4.8% by weight, with 0.1% increments for 6CB and 6MFD, and 0.5% increments for 6DT. Since the solids volume is relatively low, the total water volume is assumed constant at 2.65L throughout the experiments Solids mass, x, was calculated based on solids-to-liquid ratio. As an example: 0.5 g PSAC/100 g water = 5 g PSAC/kg water = 5 g PSAC/liter water, 5 g PSAC/liter water × 2.65 liter = 13.25 g PSAC = x.
An increment of "0.1%" means an additional 0.1 g PSAC/ 100 g water = 1 g PSAC/kg water = 1 g PSAC/liter water, hence 2.65 g of PSAC for each increment. There are 50 experimental points each for 6MFD and 6CB at every particle size range, while the Rushton had 10 experimental points for every particle size range. N js was determined visually for each concentration of particles and experimental condition.
In using Zwietering's equation to calculate S values, the solids concentration (X) is given as:
where x is mass of solids in kg.
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Determining the N js .
The minimum speed for just suspension, N js was ascertained by increasing the motor speed ranging from 0 rpm until complete suspension is deemed achieved based on the 1-2 s Zwietering criteria. The suspension of particles was observed with the naked eye, aided by a mirror located at an angle below the vessel and a halogen lamp shone from the side. Particle distribution with each impeller was observed and recorded. It was not easy to view the particles due to the black color of the solids rendering the whole tank completely dark. Nevertheless, it was still possible to distinguish the individual particles on the base for all the concentrations studied here. The use of a lamp was helpful to a certain extent.
Power Consumption.
The torque value displayed on the motor screen was recorded once the minimum speed for complete suspension was determined. At that speed of N js , torque readings were later taken again with the impeller rotating in air. This gives a baseline reading which is subtracted from the earlier value obtained in the solid-liquid mixture, to give the actual net torque for agitation at N js during just-suspension. In other words, the actual torque value for the impeller at N js is obtained by deducting the torque value in the liquid-solid mixture with the torque value in air. Then, the data is put into the equation below for power calculation: will produce values within the range obtained by visual observation:
Results and Discussion

Comparing Impeller Performance. Figures 5(a) to 5(c)
show the minimum speeds for each impeller to achieve justsuspension over the range of PSAC concentrations. The plots in all cases show N js increasing nearly proportionally to the particle concentration, with the slope of the curves reducing at a point between 1% to 2% concentration. The graphs also clearly show that higher speeds are required for the two radial impellers, the Rushton and curved blade compared to the downpumping mixed flow. To illustrate, at 1.0% concentration of activated carbon, N js for 6MFD was 295 rpm, while for 6CB and 6DT were 430 rpm and 410 rpm, respectively. In relation to the speed requirement, Figures 6(a) to 6(c) show the 6MFD requiring less power than the radial 6CB and 6DT at the suspension points of each solid concentration, while the power for both the 6CB and 6DT are close to each other. The increase in power demand in going from 6MFD to the radial impellers can be from 100% to higher than 200%. Hence, as reported in previous work, the mixed flow impeller achieves suspension at speeds and power inputs lower than the radial impellers [17] . The same trend is observed with the three size ranges of activated carbon particles.
Plots of specific power or power per unit mass versus concentration (Figures 7(a) to 7(c) ) also show much lower values for the 6MFD compared to the radial impellers. This observation may be so because of the range of solids concentrations used here. In studies with slurries concentrations going as high as 50% by volume [23] , the specific power for radial impellers was less than pitched-blade pumping axially downwards (similar to the 6MFD). Nevertheless, the plots in Figures 7(a) to 7(c) do show the drop towards minima for all cases, and the differences between the radial and downpumping impellers getting less as the minima is approached. It is also interesting to note that since power per unit mass decreases with increase in particle concentration, it is in fact more efficient to perform the solid suspension operation in the stirred tank at higher particles concentration, until the specific power increases again after the minimum. Hence, there is an optimum concentration for slurry mixing [23] . Figures 8(a) to 8(c) show the effect of particle size to be less important especially for the 6MFD. The impeller geometry causes particles to be distributed at certain regions on the base before suspension occurs. As reported earlier [17] , for downward pumping 6MFD particles are divided in the centre and side as shown in Figure 9 with more being pushed to the side, since the impeller diameter is less than half the tank diameter [17] . As the speed of impeller increases, particles at the centre get suspended first followed by those around the side of the base. There was tendency for some of the particles to get stuck behind the baffles. The 6DT is known to have particles pulled to the centre for suspension, and the 6CB which is also a radial impeller has shown a similar distribution although the "star" shape of the 6DT is less distinct (Figures 10 and 11) . Figure 12 (a) for 6CB the N js for the largest size range is greater than sizes below 1.4 mm beyond a concentration of about 1.8%. With the lower two size ranges, not much difference in N js values is observed between them. Data for the Rushton (Figure 12(b) ) show a similar trend, but for the 6MFD (Figure 12(c) ) the N js values for different particle sizes, are quite similar, and the N js for particles larger than 1.40 mm increase only as particle concentration increased to about 3.2%.
Effect of Particle Size. In
Figures 13(a) to 13(c) show the power consumption according to different particle sizes at different concentrations. In general the power increases with size and concentration. For the 6CB power for the largest size range is clearly higher than the lower two size range. The 6DT shows increase from one size range to another, while the 6MFD has less difference among the different sizes, with fluctuations in power as particle concentration increased. Activated carbon with particle size 1.40-2.36 mm required higher speeds and power because being larger, they are also heavier than particles of the 1.00-1.40 mm and 0.75-1.00 mm size range even though all the particles have the same density. This is so since the mass is related to the particle density and volume as follows:
where assuming spherical shape for the particles, volume is directly dependent on particle size by the formula: V = πD 2 /4. A larger volume means bigger mass and bigger weight as well, since weight = mass × gravitational acceleration. Hence, more energy is required to move larger particles from the bottom of vessel, and thus N js value increased.
Overall in this work, it is seen that in the lower size range, particle size does not have significant impact on the minimum suspension speed and power requirement, but with the larger size range from 1.40 to 2.36 mm the need for more energy is more significant and noticeable.
S Values.
S, the geometric factor in Zwietering's equation is to account for variation in the geometry of the impeller and tank. Available S values are useful for the prediction of N js using Zwietering's equation. In the plots against concentration (Figures 14(a)-14(c) ), the S values stabilize to nearly constant after 1% particles concentration. The average values are given in Table 2 (a). The 6CB has S values close to the 6DT since both have similar N js readings. Compared to S from previous work [17] given in Table 2 (b), the 6MFD S values are close to the earlier reported values, while that for 6DT tend to be lower in this work. This could be due to the differences in experimental condition such as particle size and concentration, and the subjective nature of the visual technique. Nevertheless, the results indicate that Zwietering's equation can be used to reasonably predict the minimum just-suspension speed for porous particles as used here, with the density adjusted to incorporate the submerged void space. If the solid density alone is used as it is in Zwietering's equation, the S values would be 28.5% lower than the values obtained here, making even greater difference from published data. In Figures 15(a) to 15(c) , S seems to be affected by the particle size as shown by the 6MFD as well as 6DT impellers. For the 6CB the S values for the smallest size range are distinctly higher than the other two size ranges.
Conclusion and Recommendations
In this study, the suspension of porous activated carbon particles has been observed using 6-blade impellers of three geometries-downward pumping mixed-flow, Rushton disc turbine and curved blade. The first objective is to evaluate the performance of the curved blade turbine as compared to the 6DT and 6MFD, which has often been reported. The second objective is to evaluate the use of Zwietering's equation for N js prediction with particles of high porosity, since such particles have a high percentage of void volume that is filled with liquid when they are submerged thus altering the actual density of the particles to be suspended. As established in the literature for solids concentration lower than 20%, the mixed-flow 6MFD showed significantly greater efficiency for particle suspension compared to the two radial impellers 6CB and 6DT, both with respect to minimum speed for suspension and power requirement. But in terms of specific power the differences reduce as the plots tend towards minima with increase in concentration, indicating that the trend may shift to the radial being better at higher concentrations as already reported by other workers [23]. Interestingly, both the radial impellers, the 6DT and 6CB, show similar N js and power values under the same conditions. The points of last suspension are as reported [17] , where with the 6MFD particles move out from the centre to the side, while for the radial impellers, particle are moved to the centre to be suspended. Activated carbon with sizes 1.40-2.36 mm required higher speeds and power to reach just-suspension compared to particles of 1.00-1.40 mm and 0.75-1.00 mm size range. The latter two size ranges show close suspension speeds requirement.
S values have been obtained for the curved blade impeller. As expected since the N js for 6CB is close to 6DT, the S values are also similar. The S values obtained for 6MFD are lower compared to 6CB and 6DT but agree with previous reports. 
